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Abstract. We perform an analysis of the influence of non-standard neutrino inter-
actions (NSI) on neutrino signal from dark matter annihilations in the Sun. Taking
experimentally allowed benchmark values for the matter NSI parameters we show that
the evolution of such neutrinos with energies at GeV scale can be considerably modi-
fied. We simulate propagation of neutrinos from the Sun to the Earth for realistic dark
matter annihilation channels and find that the matter NSI can result in at most 30%
correction to the signal rate of muon track events at neutrino telescopes. Still present
experimental bounds on dark matter from these searches are robust in the presence
of NSI within considerable part of their allowed parameter space. At the same time
electron neutrino flux from dark matter annihilation in the Sun can be changed by a
factor of few.
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1 Introduction
Dark matter is one of the most intriguing mysteries of the modern particle physics.
Existence of new particles is the dominant hypothesis for explanation of this phenom-
ena [1]. Looking for neutrinos resulting from dark matter annihilation in the Sun is one
of the possible indirect way of searching for the signal from dark matter particles [2].
The idea is that these particles can be gravitationally trapped and accumulated in-
side the Sun [3] during its evolution in such amount that they start to annihilate. If
dark matter particles annihilate into SM particles than among the final products of
these annihilations can be high energy neutrinos which can reach the surface of the
Sun, traverse to the Earth and be observed at neutrino telescopes such as IceCube [4],
Super-Kamiokande [5], ANTARES [6] as well as neutrino telescopes at the Baksan [7]
and Baikal [8].
A lot of physical processes are involved in this scenario. The capture process cru-
cially depends on the mass of dark matter particlesmDM and the size of cross section of
nonrelativistic elastic scattering of dark matter with nucleons. In particular, effective
capture is possible only for dark matter particles heavier than about 3–5 GeV. Other-
wise, evaporation of dark matter from the Sun is important [9]. Dark matter particles
can annihilate over different annihilation channels, which is very model-dependent.
Instead of considering a particular model it is common to work with a chosen set of
annihilation channels which are believed to capture the main features of the general
picture. Standard benchmark annihilation channels are bb¯ channel with very soft spec-
trum of neutrinos, W+W− and τ+τ− channels with more energetic spectra as well as
monochromatic neutrino channels νν¯. Each annihilation channels provides not only
with unique neutrino energy spectrum but also with a particular flavor content. Thus,
different neutrino signals can be expected from different annihilation channels.
Produced neutrinos propagate in the Sun, from the Sun to the Earth and in the
Earth to neutrino telescope. In most experimental searches of this type muon neutrinos
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Figure 1. Survival probability of neutrino and antineutrino of different flavors produced in
the center of the Sun.
are the most important and their expected flux at the detector level is given by the
following expression
Φνµ =
ΓA
4piR2
×
∑
να,ν¯α
∫ mDM
Eth
dEναPαµ(Eνα , Eth)
dNprodνα
dEνα
, (1.1)
where ΓA is dark matter annihilation rate, R is the distance from the Sun to the Earth,
Eth is neutrino threshold energy,
dNprodνα
dEνα
is neutrino energy spectrum at production and
the function Pαµ(Eνα , Eth) is the probability of obtaining muon (anti)neutrino in the
detector from (anti)neutrino of given flavor α at production which encodes all effects
of neutrino propagation. This last can be quite nontrivial and it depends on neutrino
oscillations, charge current (CC) and neutral current (NC) interactions of neutrino
interactions with matter.
On Figure 1 we show the probability for (anti)neutrino of a particular flavor
to escape the Sun at the same energy, calculated without oscillations, i.e. survival
probability; see Ref. [10] for similar picture. One can see that the absorption effect is
small for neutrino of energies less than 10 GeV and very crucial for neutrino with energy
larger than about 100 GeV. Oscillations also produce dramatic effect. Comparing
integrated final muon neutrino fluxes at the Earth level calculated with and without
oscillation effects (see e.g. right panel of Fig. 10 in Ref. [7]) one observes that the effect
of neutrino oscillations varies from 10–40% for bb¯ and W+W− annihilation channel to
factor of 3.5 for dark matter annihilations into τ+τ−. This indicates that new physics
which influences neutrino interactions and oscillations could also affect propagation of
neutrinos from dark matter annihilations in the Sun and change corresponding neutrino
signal. Studies in this direction was performed recently in Refs. [11, 12] where effect
of light sterile neutrino on the signal from dark matter annihilation in the Sun was
discussed.
In this paper we study influence of the non-standard interactions (NSI) of neutrino
with matter [13] on neutrino signal from dark matter annihilations in the Sun. Such
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interactions appear in different types of models of new physics, see e.g. [14]. Neutrino
NSI attract recently much attention and several studies were performed scrutinizing
their different aspects, see Refs. [15–17] for reviews. NSI can potentially influence
propagation of solar neutrinos [18–21], neutrinos from supernova [22, 23], atmospheric
neutrinos [24–34], neutrinos from artificial sources [35–47] as well as reveal themselves
in different production and decay processes [48–50]. In particular, matter NSI can
produce “missing energy” signature at collider experiments and in particular at the
LHC [51, 52] although interpretation of these results may be quite model dependent.
Here we study effect of the matter NSI on propagation of high energy neutrinos
from dark matter annihilation in the Sun. We find that for realistic annihilation chan-
nels and phenomenologically allowed values of NSI parameters, deviations of neutrino
flux at the Earth level from the standard (no-NSI) case can be considerable. The rest
of the paper is organized as follows. In Section 2 we briefly remind the main facts about
the matter NSI which are relevant for the present analysis, i.e. parameters, influence
on neutrino oscillations and current experimental bounds. In Section 3 we consider
evolution of monochromatic neutrinos from dark matter annihilations in the Sun. To
single out effect of the matter NSI, in this Section we neglect all neutrino interactions
except for the forward neutrino scattering. Turning on the matter NSI we numerically
simulate evolution of neutrinos from the Sun to the Earth and supply this analysis
with simplified analytical study. In Section 4 we perform full Monte-Carlo simulations
of neutrino propagation which includes neutrino interactions. We consider bb¯,W+W−
and τ+τ− annihilation channels and estimate the effect of different NSI parameters on
the muon track event rate at neutrino telescopes. Section 5 contains our conclusions.
2 NSI and modification of neutrino propagation
At sufficiently low transverse momenta the matter NSI of neutrino can be described
by the following effective lagrangian
LNCNSI = −
∑
f,P=PL,PR
fPαβ 2
√
2GF (ν¯αγ
µPLνβ)(f¯γµPf). (2.1)
Here PL,R are chirality projectors, fPαβ are the NSI parameters and sum is implied
over all SM fermions f . Let us note that apart from the neutral current type of
NSI in (2.1) in general one can introduce NSI of charge current type. Their main
impact would be to affect neutrino CC interaction cross sections. Present experimental
bounds on the parameters of the charged current type of NSIs are quite severe [15];
we expect that their effect on high-energy neutrino propagation in the Sun and the
Earth would be small and focus on the influence of the matter NSIs. One of the main
consequences of the interactions (2.1) is modification of neutrino propagation through
matter. Evolution of relativistic neutrino in media can be described by the following
Hamiltonian
H =
1
2Eν
Udiag(m21,m
2
2,m
2
3)U
† + Vem, (2.2)
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where m2i , i = 1, 2, 3 are neutrino masses squared, U is the vacuum Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix and Eν is neutrino energy. We use standard
parametrization of the PMNS matrix (omitting Majorana phases)
U = R23(θ23)U
†
δR13(θ13)UδR12, (2.3)
where Rij is rotation matrix in ij-plane and Uδ is phase matrix containing CP-violating
parameter
Uδ =
 eiδ/2 0 00 1 0
0 0 e−iδ/2
 . (2.4)
Further for numerical calculations we use the values of oscillation parameters presented
in Table 1 for normal (NH) and inverted (IH) hierarchy. These parameters lie within
∆m221, eV2 |∆m231|, eV2 sin2 θ12 sin2 θ23 sin2 θ13 δCP
NH 7.50 · 10−5 2.457 · 10−3 0.304 0.452 0.0218 0
IH 7.50 · 10−5 2.449 · 10−3 0.304 0.579 0.0219 0
Table 1. Neutrino oscillation parameters used for the present analysis [53].
3σ range of their experimentally allowed values [53]. For simplicity we assume CP-
violating phase to be zero. The matter term in (2.2) contains a factor Ve ≡
√
2GFNe
for neutrino and Ve ≡ −
√
2GFNe for antineutrino. This term is proportional to the
electron number density Ne and the matrix
m =
 1 + ee eµ eτ∗eµ µµ µτ
∗eτ 
∗
µτ ττ
 , (2.5)
describing influence of the matter NSI as well as the Standard Model contribution.
The NSI parameters αβ depend on coupling constants in the lagrangian (2.1) and on
the matter content as follows
αβ =
∑
f=e,u,d
(fPLαβ + 
fPR
αβ )
Nf
Ne
, (2.6)
where Nf is the number density of the fermion f . Model independent experimental
bounds on parameters αβ are presented below
|Earthαβ | <
 4.2 0.33 3.0... 0.068 0.33
... ... 21.0
 , |Sunαβ | <
 2.5 0.21 1.7... 0.046 0.21
... ... 9.0
 (2.7)
for the Earth-like and Sun-like matter, see Refs. [15, 54]. There are more restric-
tive bounds on some of the Earth NSI parameters coming from results of the Super-
Kamiokande [55] experiment
|Earthµτ | < 0.033, |Earthττ − Earthµµ | < 0.147. (2.8)
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Even stronger bounds on the values of |Earthµτ | (up to 0.02) were obtained [27, 34, 56]
from the results of IceCube1. Experimental bounds on the NSI parameters fPαβ from
neutrino scattering experiments was discussed in Refs. [15–17] in details. Effects of the
matter NSI for existing and upcoming neutrino experiments was discussed in many
papers, we refer here to a review paper [17].
Let us note that not only matter NSI parameters for the Earth can be different
from those for the Sun, but also Sunαβ are position dependent because the matter content
in the Sun changes from the center to the surface. Namely, the proton-to-neutron
ratio Np
Nn
varies from about 2 at the center to about 6 near the surface. Analysis
of the most general case lies beyond the scope of the present study in which we are
going to illustrate the main effects of the matter NSI on propagation of neutrinos
in the Sun and the Earth. In what follows for simplicity we limit ourselves by the
case of position independent values of Sunαβ and consider the simplifying situation with
Earthαβ = 
Sun
αβ ≡ αβ.
In general the NSI (2.1) could modify the NC neutrino-nucleon interaction cross
section which could affect neutrino propagation in the Sun and the Earth. In what
follows we neglect this effect because its influence on the final neutrino flux will be
subleading to the standard NC and CC neutrino interactions for chosen values of the
matter NSI parameters. We leave the detailed analysis of this effect for future study.
3 Evolution of monochromatic WIMP neutrinos in the Sun and
Earth
Propagation of high energy neutrinos from dark matter annihilations in the Sun has
been studies both analytically [57–59] and numerically [10, 60–62]. In this Section
we discuss effect of the matter NSI on propagation of monochromatic neutrino in the
Sun and the Earth. We analyze effect of the NSI neglecting all neutrino interactions
except for the forward neutrino scattering which directly affects neutrino oscillations.
Bearing in mind muon track signature at neutrino telescopes in what follows we con-
sider neutrino energy range from 1 GeV to 1 TeV2. The lowest bound is determined
mainly by muon energy thresholds for such searches in neutrino experiments (about
1.5 GeV for Super-Kamiokande and about 1 GeV for Baksan Underground Neutrino
Telescope). At the same time, neutrinos with energies larger than 1 TeV have very
small probability to escape the Sun, see Fig. 1. We numerically solve Schrodinger equa-
tion with the Hamiltonian (2.2) for realistic electron density profiles in the Sun [67]
and the Earth [68]. Varying density of the Sun has been taken into account in the
following way: we divide neutrino path in sufficiently small pieces in which electron
density can be considered as a constant and then evolve neutrino wave function with
exact evolution operator. We use the algorithm described in Refs. [69, 70] to simulate
1We note that authors of Refs. [27, 34, 55, 56] define the NSI parameters αβ by normalization to
the density of d-quarks. This differs from our definition (2.6) by a factor r = NdNe which is about 3 for
the Earth.
2Another strategy to search for the signal from dark matter annihilations in the Sun utilizes
neutrinos in the MeV energy range [63–66]. In the present study we will not consider this possibility.
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Figure 2. Probabilities Pµα to obtain neutrino of different flavors να at the Earth orbit from
νµ(ν¯µ) in the Sun for normal (left panels) and inverted (right panels) hierarchy for αβ = 0.
Plots in the upper (lower) panels correspond to neutrino (antineutrino) case.
neutrino oscillations in 3×3 scheme. We assume that neutrinos are produced near the
center of the Sun in a flavor state να. Production region of the neutrinos in the Sun
follows expected dark matter distribution [71] (see also [72] for recent study)
n(r) = n0 e
−r2/R2DM , with RDM ∼ 0.1RSun
√
1 GeV
mDM
, (3.1)
which depends on the mass of dark matter particle. Here RSun is the radius of the
Sun. Numerically, size of the DM core in the Sun varies from about 4 · 104 km for
mDM ∼ 3 GeV to 2.2 · 103 km for mDM ∼ 1 TeV. For the case of monochromatic neu-
trino annihilation channels we simulate the production point according to the distri-
bution (3.1) with mDM = Eν . Produced neutrino evolves according to the Schrodinger
equation with the Hamiltonian (2.2). In the analysis we take into account small el-
lipticity of the Earth orbit. Namely, we randomly choose time of each neutrino event
(i.e. fraction of the year) and average final probabilities over positions of dark matter
annihilation and the Earth.
Let us start our analysis with the standard case without NSI. On Fig. 2 we
plot probabilities to obtain neutrinos of different flavours at the Earth orbit (i.e. no
propagation in the Earth). As an illustrative example we consider here and in the sub-
sequent Figures in this Section the case of muon (anti)neutrino at production. Left and
right panels correspond to the cases of normal and inverted neutrino mass hierarchy,
respectively, with the oscillation parameters taken from Table 1. The case of neutrino
is shown in the upper panels, while the lower panels are reserved for antineutrinos. To
average over varying neutrino baseline we simulate Nav = 100 neutrino events for each
value of neutrino energy. In Fig. 3 we present the same probabilities after propagation
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in the Earth. For illustration purposes in the Section we consider propagation though
the center of the Earth only. In the next Section we relax this assumption when making
full-fledged Monte-Carlo simulation of neutrino propagation.
To explain the behavior of the probabilities as functions of neutrino energy let
us introduce apart from neutrino flavor states |να〉, α = e, µ, τ and vacuum eigenstates
|i〉, i = 1, 2, 3 also the eigenstates of the instantaneous matter Hamiltonian as
|α〉 = Umαj(r)|jm, r〉, (3.2)
where Um(r) is the mixing matrix diagonalizing neutrino Hamiltonian in matter:
Hm(r) = U
m†(r)H(r)Um(r). In the absence of the matter NSI for high energy neutri-
nos corresponding eigenstates of the matter Hamiltonian (2.2) in the center of the Sun
are approximately |1m, 0〉 = |νe〉 and
|2m, 0〉 = c23|νµ〉 − s23|ντ 〉, |3m, 0〉 = s23|νµ〉+ c23|ντ 〉, (3.3)
where we use the standard notations cij = cos θij and sij = sin θij. The state |νe〉 is
decoupled in the center due to large matter contribution and produced νµ oscillates to
ντ with the mixing angle θ23. If electron density changes much slower than neutrino
oscillates, i.e. in the adiabatic regime, the instantaneous eigenstates are approximately
evolution eigenstates and in this limit no transitions between these eigenstates occur. If
the oscillation length L23 = 4piEν|∆m223| is small as compared to 2RDM then µ− τ oscillation
phase averages to zero and one obtains outside the production region a mixed state
c223|2m, r〉〈2m, r| + s223|3m, r〉〈3m, r|. In the adiabatic regime the matter Hamiltonian
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Figure 3. Probabilities to obtain neutrino of different flavors after propagation in the Earth
from νµ(ν¯µ) produced in the Sun for normal (left panels) and inverted (right panels) hierarchy
for αβ = 0. Plots in the upper (lower) panels correspond to neutrino (antineutrino) case.
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eigenstates |2m〉 and |3m〉 evolve at the solar surface into some vacuum eigenstates |i2〉
and |i3〉, respectively. For normal mass hierarchy one obtains
|2m〉 → |1〉, |3m〉 → |2〉 for ν , (3.4)
|2m〉 → |2〉, |3m〉 → |3〉 for ν¯ . (3.5)
For the case of inverted hierarchy
|2m〉 → |1〉, |3m〉 → |3〉 for ν , (3.6)
|2m〉 → |2〉, |3m〉 → |1〉 for ν¯ . (3.7)
Finally one gets a mixed state describing by the following density matrix c223|i2〉〈i2|+
s223|i3〉〈i3|. Probability to detect neutrino νβ at the Earth orbit looks as follows
P (νµ → νβ) = c223|Uβ i2|2 + s223|Uβ i3 |2. (3.8)
In a more generic case for neutrino να at the solar center, the neutrino state at the
Earth orbit can be approximately described [57] by the density matrix
ρ =
∑
i,j
|Umαi(r = 0)|2 Pij|j〉〈j| . (3.9)
Here Pij are probabilities of transition between different eigenstates during evolution
in the Sun. For the adiabatic evolution, Pij = δij, taking convention for ordering
of eigenvalues such that they smoothly approach vacuum eigenstates. Formula (3.9)
assumes that statistical averaging of oscillation phases to zero takes place, which results
from uncertainties in neutrino production place, small ellipticity of the Earth orbit as
well as from finite energy resolution of the detector (see Ref. [57] for details). The
probability to find neutrino in a flavor state νβ at the Earth orbit from neutrino state
να at production can be approximately described [57] by the following expression
P (να → νβ) =
∑
i,j
|Umαi(r = 0)|2 Pij |Uβj|2 . (3.10)
Adiabatic approximation may break down near Mikheyev-Smirnov-Wolfenstein (MSW)
resonances [13, 73, 74]. For NH there are two MSW resonances corresponding to
1–3 and 1–2 transitions in neutrino sector and none for antineutrino. For IH one
resonance 1–2 transition happens in neutrino mode while another 1–3 transition occurs
for antineutrinos. Corresponding resonance conditions look [57, 75, 76] as
Eν =
∆m221
2Ve(r)c213
cos 2θ12 for 1–2 resonance, (3.11)
Eν =
∆m232+∆m
2
21c
212
2Ve(r)
cos 2θ13 for 1–3 resonance. (3.12)
The resonance energies in the solar core lie below GeV energy scale. Adiabaticity for
neutrino transitions through these resonances is violated for energies E >∼ ENA, where
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the onset energy for nonadiabatic effects ENA can be estimated [57, 75] as follows
ENA =
1
3
pi
∣∣∣∣VeV ′e
∣∣∣∣
rR
∆m221s
2
12 for 1–2 resonance, (3.13)
ENA =
1
3
pi
∣∣∣∣VeV ′e
∣∣∣∣
rR
(∆m232 + ∆m
2
21c
212)s213 for 1–3 resonance, (3.14)
where rR is space position of the resonance. Numerically one can find that ENA is about
9 GeV for 1–2 resonance and about 20 GeV for 1–3 resonance. One can check that
Eq. (3.8) reproduces energy dependence of the probabilities in Fig. 2 in the low energy
region. At energies larger than 10–20 GeV the evolution becomes more complicated. It
happens not only due to nonadiabatic transitions through the MSW resonance regions
but also because averaging of oscillation phases over production region may no longer
take place. Moreover, at energies larger than 100–200 GeV oscillation lengths become
comparable and even larger than ellipticity of the Earth orbit. This can result in annual
modulation of the neutrino signal discussed in [59, 77]. The most important influence
of subsequent propagation in the Earth (see Fig. 3) is visible for neutrino mode (NH)
and antineutrino mode (IH) in the low energy region. This behavior is related mainly
to 2–3 and 1–3 mixings, see [78, 79].
3.1 Flavor conserving NSI
In what follows we turn on the matter NSI parameters αβ taking single non-zero pa-
rameter at a time. In this Section we study effect of the flavor diagonal NSI parameters.
Due to smallness of the resonance energy for 1–2 transition effect of non-zero ee within
experimentally allowed region on the propagation of high energy neutrino is negligible.
As a consequence effect due to small non-zero µµ will be the same as that of due to
−ττ . In what follows we consider non-zero value of ττ and assume that ττ  1 in an-
alytical expressions which is consistent with phenomenological bounds (2.7) and (2.8).
As a benchmark point we take ττ = ±0.03. In Figs. 4 and 5 we plot probabilities
to obtain neutrino of different flavors at the Earth orbit and after passing the Earth,
respectively, from νµ produced at the center of the Sun. These probabilities are cal-
culated with ττ = 0.03. One can see that oscillations of neutrino in the matter of
the Sun and the Earth deviates considerably from no-NSI case. Let us discuss the
reasons for these deviations. In the center of the Sun the eigenstate |1m, 0〉 = |νe〉 is
decoupled from the others for GeV-scale neutrinos and the Hamiltonian for the rest
2–3 subsystem has the following form
H23 =
∆m232
2Eν
R23(θ23)
(
0 0
0 1
)
R†23(θ23) + ττVe
(
0 0
0 1
)
. (3.15)
It can be diagonalized by corresponding rotation ν = R23(θ˜23)ν˜, where θ˜23 is determined
by
tan 2θ˜23 =
sin 2θ23
cos 2θ23 + A
, (3.16)
– 9 –
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Figure 4. The same as in Fig. 2 but for ττ = 0.03.
where A = 2ττVeEν
∆m232
. When denominator in (3.16) goes to zero new 2–3 resonance
occurs. The resonance energy in the center of the Sun is
E23R = −
∆m232
2ττVe(0)
cos 2θ23. (3.17)
For normal mass hierarchy 2–3 resonance takes place for neutrino if sign(ττ cos 2θ23) =
−1 and for antineutrino if sign(ττ cos 2θ23) = +1. For inverted mass hierarchy the
resonance conditions are opposite. Taking numerical values from Table 1 one obtains3
E23R ≈ 0.015/ττ GeV (NH) and E23R ≈ 0.025/ττ GeV (IH) and the resonance appears
for antineutrinos in both cases. We note in passing that subsequent propagation of
electron (anti)neutrino νe produced in the center of Sun is not affected by non-zero
ττ (µµ) in the considered energy range. For relatively small values of ττ the position
of 2–3 resonance is well separated in space from the other possible resonances. In
this case they can be treated separately. The resonance conversion can take place
only for neutrinos with E > E23R . For such neutrinos flavor states are approximately
Hamiltonian eigenstates and in particular |νµ〉 is almost coincide with the second energy
level of the matter Hamiltonian for ττ > 0. Adiabatic evolution through 2–3 resonance
region implies
|2˜m〉 → |2m〉, |3˜m〉 → |3m〉 for ν , (3.18)
|2˜m〉 → |3m〉, |3˜m〉 → |2m〉 for ν¯ (3.19)
3We note that for values of oscillation parameters in Table 1 one finds cos 2θ23 > 0 for NH and
cos 2θ23 < 0 for IH. However, experimentally any sign of cos 2θ23 is allowed at 3σ level.
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in the case of NH and
|2˜m〉 → |3m〉, |3˜m〉 → |2m〉 for ν , (3.20)
|2˜m〉 → |2m〉, |3˜m〉 → |3m〉 for ν¯ (3.21)
for IH. Let us note that onset energy for non-adiabatic effects for 2–3 transition can
be estimated as follows follows [57, 75]
ENA =
1
3
pi
∣∣∣∣VeV ′e
∣∣∣∣∆m232 sin2 θ23 ∼ 0.5 TeV, (3.22)
which indicates that adiabaticity for this transition is valid almost entirely in the chosen
neutrino energy range. Effect of non-zero ττ = 0.03 is most dramatic in Fig. 4 for
antineutrino (NH) and neutrino (IH). In the former case the muon antineutrino νµ
produced in the center of the Sun undergoes resonance 2–3 transition and evolves into
|3m〉. This state meets no level crossing in subsequent evolution to the solar surface
where it becomes pure vacuum eigenstate |3〉, see (3.5). This is completely different
from the evolution with no-NSI where the final state is incoherent mixture of |2〉 and
|3〉, see Fig. 2. In the low energy region one should take into account an admixture of
|3˜m〉 state. Namely neglecting contribution of |1˜m〉 ≡ |νe〉 one finds that
|νµ〉 = cos θ˜023|2˜m, 0〉 − sin θ˜023|3˜m, 0〉, (3.23)
where θ˜023 is determined by Eq. (3.16) for the center of the Sun. This admixture results
in deviation from simple Pµα = |Uα3|2 law. Similar explanation can be given for the
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Figure 5. The same as in Fig. 3 but for ττ = 0.03.
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case of neutrino (IH). For neutrino (NH) and antineutrino (IH), see Fig (4) (upper left
and lower right panels), νµ state evolve into |2m, r〉. For neutrino (NH) in the adiabatic
regime νµ evolves into |1〉 at the solar surface, while the evolution at higher energies
is more complicated due to non-adiabatic effects. In the limit of maximal adiabaticity
violation the level crossing probability approaches c212, which corresponds to incoherent
vacuum oscillations and one obtains
νµ ≈ |2˜m〉 → |2m〉 → c212|2〉〈2|+ s212|1〉〈1|. (3.24)
For antineutrino (IH) νµ evolves again into |2m〉 state when passing 2–3 resonance and
emerges as |2〉 at the Earth orbit in the adiabatic regime. At energies Eν <∼ 10 GeV
the main difference with no-NSI case comes from the fact that νµ at production is only
an approximate eigenstate of the matter Hamiltonian.
Let us turn to subsequent evolution in the Earth, see Fig. 5. The most prominent
effect of non-zero ττ appears again for neutrino mode with inverted hierarchy and for
antineutrino with normal hierarchy and reaches its culmination for Eν ∼ 30 GeV. In
this case almost pure |3〉 vacuum state reaches the Earth surface, see lower left and
upper right panels on Fig. 4. Let us neglect here for simplicity small contribution of
electron neutrino νe related to non-zero θ13. In the matter of the Earth this state is no
longer Hamiltonian eigenstate and thus nontrivial evolution takes place. Eigenstates
of 2–3 subsystem describing by the Hamiltonian (3.15) can be found again by rotation
ν = R23(θ˜23)ν˜ with θ˜23 given by Eq. (3.16) with neutrino matter potential in the Earth.
To qualitatively understand the behaviour of the probabilities in Fig. 5 let us find the
evolution for matter with constant density. In this case the evolution of the state |3〉
after traversing the distance L can be described as
|3, L〉 ≈ sin (θ23 − θ˜23)e−iE˜2L|2˜〉+ cos (θ23 − θ˜23)e−iE˜3L|3˜〉, (3.25)
where E˜2,3 are the Hamiltonian eigenvalues. The probability to find muon neutrino is
then given by
Pµµ = sin
2 θ23 − sin 2θ˜23 sin 2(θ23 − θ˜23) sin2 (E˜3 − E˜2)L
2
. (3.26)
Similar expression for Pµτ has the form
Pµτ = cos
2 θ23 + sin 2θ˜23 sin 2(θ23 − θ˜23) sin2 (E˜3 − E˜2)L
2
. (3.27)
Numerically for Eν = 30 GeV and ττ = 0.03 one finds that E˜3 − E˜2 ≈ ∆m
2
32
2Eν
and
the oscillation amplitude in Eq.(3.26) for antineutrino and NH varies from 0.11 for the
mantle of the Earth to about 0.28 for its core4. The same numbers for neutrino and IH
are 0.06 and 0.23, respectively. One can find from (3.16) that θ˜23 > θ23 for antineutrino
(NH) and neutrino (IH) cases for ττ > 0. Maximum for Pµµ and minimum for Pµτ on
4For the sake of argument we consider the Earth as consisting of mantle with Ne ≈ 2.2NA cm−3
and core with Ne ≈ 5.4NA cm−3 [80].
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Figure 6. The same as in Fig. 2 but for ττ = −0.03.
the lower left and upper right panels in Fig. 5 corresponds approximately to the first
oscillation maximum for neutrino coming through the center of the Earth. For the
cases of neutrino (NH) and antineutrino (IH) (see upper left and lower right panels in
Fig. 5) one can observe similar bumps at Eν ∼ 30 GeV although their amplitudes are
smaller due to considerable admixture of electron neutrino. Much more complicated
picture is observed at smaller energies which can be attributed to interference of the
effects of 2–3 and 1-3 mixings with non-zero ττ .
In Figs. 6 and 7 we plot the same probabilities for negative ττ = −0.03. In this
case 2–3 resonance takes place in neutrino mode and muon neutrino is almost coincide
with the third (first) energy level of the matter Hamiltonian for neutrino (antineutrino)
mode. At Eν <∼ 10 GeV adiabaticity for all possible level crossings is valid and one
can apply Eq. (3.10) with Pij = δij to verify the probabilities in Fig. 6. At higher
energies nonadiabatic effects turn on. The behaviour of the probabilities for neutrino
(NH) and antineutrino (IH) again indicates that at Eν >∼ 100 GeV neutrino escapes the
Sun almost as the vacuum eigenstate |3〉. Indeed, in this case the muon neutrino νµ at
production coincides with the eigenstate |2˜m〉 which becomes |3m〉 after adiabatic 2–3
transition. The same happens in antineutrino mode for inverted mass hierarchy. At
very high energies adiabaticity for transition through 1–3 level crossing is maximally
violated and due to smallness of s213 one obtains almost pure eigenstate |3〉 outside the
Sun. On Fig. 7 evolution of neutrino through the Earth is taken into account and we
see again the bump-like shapes for Pµµ and Pµτ at energies around 30 GeV related to
the matter effect in the Earth discussed above.
3.2 Flavor changing NSI
Now let us turn to discussion of impact of the flavor changing NSI parameters. We start
with non-zero eτ . Corresponding probabilities Pµα, α = e, µ, τ for eτ = 0.4 chosen as a
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benchmark value are shown in Fig. 8 and Fig. 9 before and after propagation through
the Earth, respectively. Again here we assume the case of muon (anti)neutrino
produced near the center of the Sun. Similar probabilities for eτ = −0.4 are shown in
Figs. 10 and 11. Comparing plots in Figs. 8 and 10 with those in Fig. 6 for ττ < 0
we find similarities in the behaviour of Pµα as a function of neutrino energy. The
main difference as we will see shortly comes from changes of effective mixing angles
governing resonance transitions and as a consequence from shifts of the onset energies
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Figure 7. The same as in Fig. 3 but for ττ = −0.03.
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Figure 8. The same as in Fig. 2 but for eτ = 0.4.
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Figure 9. The same as in Fig. 3 but for eτ = 0.4.
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Figure 10. The same as in Fig. 2 but for eτ = −0.4.
for non-adiabatic effects. In the following analytic expressions we limit ourselves to
small eτ for simplicity which allows us to grasp the main impact of the flavor changing
NSI. Taking non-zero eτ in (2.5) let us make rotation to a basis in which the matter
term in the Hamiltonian (2.2) is diagonal, i.e. ν = R13(θˆ13)ν ′, where
tan 2θˆ13 = −2eτ . (3.28)
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Figure 11. The same as in Fig. 3 but for eτ = −0.4.
The Hamiltonian in the basis has the form
H ′ =
1
2Eν
U ′diag(m21,m
2
2,m
2
3)U
′† + Ve
 cˆ213 − 2eτ sˆ13cˆ13 0 00 0 0
0 0 sˆ213 + 2eτ sˆ13cˆ13
 , (3.29)
where U ′ = R†13(θˆ13)U . At small eτ the matter term in (3.29) looks as Vediag(1 +
2eτ , 0,−2eτ ). Similar to the previous case the state ν ′1 decouples in the center of the
Sun. The rest 2–3 subsystem is described by the following Hamiltonian
H ′23 =
∆m232
2Eν
R23(θ
eτ
23)
(
0 0
0 1
)
R†23(θ
eτ
23)− 2eτVe
(
0 0
0 1
)
, (3.30)
where the mixing angle θeτ23 which governs 2–3 transition can be found from
tan θeτ23 =
s23c13
c23c13cˆ13 + s13sˆ13
(3.31)
and for small eτ the mixing in this sector is still close to maximal. Here and below
cˆij = cos θˆij, sˆij = sin θˆij.
Considering the vicinity of 1–3 resonance let us make rotation ν = R23(θ23)ν ′ of
the original flavor basic. The Hamiltonian takes the form
H ′ =
1
2Eν
R13(θ13)R12(θ12)
−∆m221 0
∆m231
R†12(θ12)R†13(θ13) +H ′m, (3.32)
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where
H ′m = Ve
 1 −s23eτ c23eτ−s23eτ 0 0
c23eτ 0 0
 . (3.33)
In the lowest eτ approximation one can neglect non-zero 1–2 element in Eq. (3.32)
and the reduced Hamiltonian for 1–3 subsystem looks as
H ′13 =
1
2Eν
R13(θ13)
(
0 0
0 ∆m231 + ∆m
2
21c
2
12
)
R†13(θ13) + Ve
(
1 c23eτ
c23eτ 0
)
. (3.34)
The matter term in (3.34) can be diagonalized by transformation ν ′ = R13(θˆ13)ν˜, where
tan 2θˆ13 = −2c23eτ , and one obtains
H˜13 =
1
2Eν
R13(θ
eτ
13)
(
0 0
0 ∆m231 + ∆m
2
21c
2
12
)
R†13(θ
eτ
13) + Ve
(
1 + c223
2
eτ 0
0 −c2232eτ
)
.
(3.35)
Here the mixing angle for 1–3 transition is θeτ13 = θ13 − θˆ13 ≈ θ13 + c23eτ , where last
equality is valid for small eτ .
Finally going in the vicinity of 1–2 resonance we make rotation ν = R†13R
†
23ν
′ and
obtain
H ′ =
1
2Eν
R12(θ12)
 0 ∆m221
∆m231
R†12(θ12) +H ′m, (3.36)
where
H ′m = Ve
 c213 − 2eτs13c13c23 ... ...−eτs23c13 0 ...
s13c13 + (c
2
13 − s213)c23eτ 0 s213 + 2eτs13c13c23
 . (3.37)
Taking the limit
∣∣∣∣∆m2312Eν
∣∣∣∣  Ve and neglecting 1–3 element we obtain (cf. Eqs. (2.12)–
(2.14) in Ref. [81])
H ′12 =
1
2Eν
R12(θ12)
(
0
∆m221
)
R†12 + Ve
(
c213 − 2eτs13c13c23 −eτc13s23
−eτc13s23 0
)
. (3.38)
The matter term can be diagonalized by rotation ν ′ = R12(θˆ12)ν˜, where tan 2θˆ12 =
2eτ c13s23
c213−2eτ s13c13c23 . The modified mixing angle governing 1–2 transition can be found as
θeτ12 = θ12 − θˆ12 ≈ θ12 − s23eτ , where last equality we neglect small contribution from
non-zero θ13.
Let us consider the case eτ = 0.4. With θeτ23 close to
pi
4
the 2–3 transition remains
adiabatic almost entirely for 1–1000 GeV neutrino energy range. The resonance energy
in the solar center is determined by Eq. (3.17) with replacement ττ → −2eτ . From
Eq. (3.29) we see that if the matter term dominates (i.e. in the center of the Sun)
the muon neutrino is the second energy level of the matter Hamiltonian. For normal
mass ordering muon (anti)neutrino evolves into |2〉 state in the adiabatic regime, see
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Figure 12. The same as in Fig. 2 but for eµ = 0.2.
left panels in Fig. 8. For neutrino mode the answer gets modified at Eν >∼ 10 GeV
where transition trough 1–2 resonance becomes non-adiabatic. In the limit of maximal
adiabaticity violation we obtain the following mixed state cos2 θeτ12|1〉〈1|+sin2 θeτ12|2〉〈2|.
For our choice of parameters we have sin2 θeτ12 ≈ 0.08 − 0.1 and thus almost pure |1〉
state emerge from the Sun. In the case of inverted mass hierarchy muon (anti)neutrino
evolves in the adiabatic regime into |1〉 at the Earth orbit. For antineutrino the evolu-
tion includes transition through 1–3 resonance which is adiabatic up-to about 100 GeV
due to an increase of θeτ13 as compared to θ13; namely sin
2 θeτ13 ≈ 0.14−0.16. For neutrino
mode (IH) with Eν >∼ 10 GeV transition through 1–2 resonance becomes non-adiabatic
and at very high energies the resulting state is described as cos2 θeτ12|2〉〈2|+sin2 θeτ12|1〉〈1|.
Turning to the case of negative eτ = −0.4 we see the same adiabatic evolution for
Eν <∼ 10 GeV in Fig. 10 as in the case eτ = 0.4. However, at higher energies the results
are quite different. In particular, one finds that the onset energy for non-adiabatic
effects for 1–3 transition is around 10 GeV due to smallness of sin2 θeτ13 ≈ 0.01. In the
limit of maximal adiabaticity violation the evolution of neutrino (NH) and antineutrino
(IH) through 1–3 resonance results in formation of the mixed state sin2 θeτ13|1〉〈1| +
cos2 θeτ13|3〉〈3| ≈ |3〉〈3|. In the case of neutrino (IH) at very high energies one finds
again the mixed state cos θeτ12|2〉〈2|+ sin2 θeτ12|1〉〈1|. But contrary to the case of positive
eτ here sin2 θeτ12 ≈ 0.6 is considerably larger. Subsequent evolution through the Earth is
shown in Figs. 5 and 7. One can see that the propagation through the Earth produces
the largest effect for neutrino of low (Eν <∼ 10 GeV) and intermediate (10 GeV<∼ Eν <∼
100 GeV) energies. The resulting probabilities Pµα have quite complicated energy
dependence in the low energy region. At higher energies the evolution is more smooth
and can be traced qualitatively similar to the case discussed in the previous Section.
In Figs. 12 and 13 we plot the probabilities Pµα, α = e, µ, τ calculated for
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eµ = 0.2 before and after neutrino passing through the Earth, respectively. The same
probabilities but for eµ = −0.2 are shown in Figs. 14 and 15. We observe a similarity
of the energy dependence of these probabilities with the case ττ = 0.03, c.f. Figs. 4
and 5. Modified mixing angles corresponding to different resonance transitions can
be found similarly to the case of non-zero eτ and below we present corresponding
approximate expressions
tan θeµ23 =
sˆ12s13 + cˆ12s23c13
c23c13
, θeµ13 = θ13 − θˆ13 , θeµ12 = θ12 − θˆ12 , (3.39)
where tan 2θˆ13 = −2s23eµ and tan 2θˆ12 = − 2eµc13c23c213−2eµs13c13s23 . For non-zero eµ the
Hamiltonian eigenstates in the center of the Sun (if matter term dominates) are
cosφ|νe〉 − sinφ|νµ〉, sinφ|νe〉+ cosφ|νµ〉, |ντ 〉, (3.40)
where tan 2φ = −2eµ. Numerically, for eµ = ±0.2 one obtains sin2 φ ≈ 0.07 and thus
muon neutrino approximately coincides with the first among the eigenstates in (3.40),
which is the third (first) energy level of the matter Hamiltonian in the solar center
for neutrino (antineutrino). For neutrino (IH) and antineutrino (NH) νµ produced in
the center of the Sun escapes it approximately in |3〉 state, see lower left and upper
right panels in Figs. 12 and 14. In these cases 1–2 and 1–3 resonances do not have
any influence on neutrino propagation. For the case of neutrino (NH), νµ state which
is the approximately the lowest energy eigenstate of the Hamiltonian in the center of
the Sun evolves into |1〉 at solar surface in the adiabatic regime. At higher energies
nonadiabaticity in transition through 1–2 resonance is important and in the limit of
maximal adiabaticity violation one obtains the mixed state sin2 θeµ12 |1〉〈1|+cos2 θeµ12 |2〉〈2|.
Numerically, sin2 θeµ12 ≈ 0.45 for eµ = 0.3 and sin2 θeµ12 ≈ 0.18 for eµ = −0.3 which
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Figure 13. The same as in Fig. 3 but for eµ = 0.2.
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Figure 14. The same as in Fig. 2 but for eµ = −0.2.
results in different behaviour of Pµα in upper left panels in Figs. 12 and 14. Similarly, for
the case of antineutrino (IH) in adiabatic regime νµ evolves into |2〉 at the Earth orbit.
At energies less than about 5 GeV the vacuum contribution to the Hamiltonian becomes
comparable with the matter term in the center of the Sun and this is responsible for
the energy dependence of the probabilities in this energy region. Subsequent evolution
in the Earth again is similar to the case of positive ττ . In the upper right and lower
left panels on Fig. 13 one can see the bump-like features at energies around 30 GeV
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Figure 15. The same as in Fig. 3 but for eµ = −0.2.
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which are related to the oscillations of |3〉 state in the matter of the Earth. They result
in an increase of Pµµ and decrease of Pµτ in the intermediate neutrino energy range.
In the case eµ = −0.2 behaviour of the probabilities Pµα is qualitatively the same as
for positive eµ, see Figs. 14 and 15.
Finally, let us turn to the case of non-zero µτ . Now the matter term in the
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Figure 16. The same as in Fig. 3 but for µτ = 0.01.
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Figure 17. The same as in Fig. 3 but for µτ = −0.01.
Hamiltonian can be diagonalized by rotation ν = R†23(
pi
4
)ν ′. New Hamiltonian takes
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the form
H ′ =
1
2Eν
U ′diag(m21,m
2
2.m
2
3)U
′† + Ve
 1 −µτ
µτ
 , (3.41)
where U ′ = R23
(
θ23 − pi4
)
R13(θ13)R12(θ12). Numerically the value of θ23 − pi4 is rather
small with sin2
(
θ23 − pi4
)
<∼ 0.01 and 2–3 transition appears to be in non-adiabatic
regime for Eν >∼ 1 GeV, see Eq. (3.22). Thus muon neutrino (as well as tau neutrino)
which is superposition of the Hamiltonian eigenstates undergoes fast oscillations and
leaves its central part approximately as 1
2
(|2m〉〈2m|+ |3m〉〈3m|), where |2m〉 and |3m〉
are defined in Eq. (3.3). This is almost coincide with the result obtained for the no-
NSI case, see discussion after Eq. (3.3). Thus, subsequent evolution in the Sun and
respective probabilities Pµα will be the same as in Fig. 2. We check this numerically
for µτ = ±0.01. The effect of propagation through the Earth is presented in Figs. 16
and 17 for different signs of µτ = ±0.01. We observe that effect of non-zero µτ is
considerably milder as compared with that of non-zero ττ , µµ, eτ or eµ. Still as we
will see in the next Section interactions of neutrino with the matter of the Sun can
result in nontrivial dependence on non-zero µτ .
4 Full Monte-Carlo analysis
In the previous Section we study evolution of monochromatic neutrino from the center
of the Sun to the Earth completely neglecting of CC and NC neutrino scatterings.
Here we present results of the full Monte-Carlo simulation of the neutrino propagation
from the Sun to the Earth. Detailed description of our numerical code and in partic-
ular comparison with WimpSim package [60, 82, 83] had been presented in Ref. [7].
Here we briefly sketch its main features. For initial neutrino energy spectra of chosen
annihilation channels τ+τ−, W+W− and bb¯ we use those obtained with WimpSim.
Annihilation of dark matter into τ+τ− results in ντ (ν¯τ )-dominated neutrino flux at
production, while for bb¯ channel this flux is saturated by electron and muon neutrino
flavors. As for the case W+W− all neutrino flavors present almost in equal parts.
We simulate annihilation point near the center of the Sun according to space dark
matter distribution (3.1). Apart from oscillations we take into account CC and NC
interactions of neutrinos. Corresponding cross section have been calculated includ-
ing tau-mass effects using formulas presented in Ref. [84]. NC interactions result in
change of neutrino energy leaving its flavor content intact while CC interactions in
case of electron and muon neutrino result in their disappearance from the flux. At the
same time for tau-neutrino regeneration in CC interactions takes place because pro-
duced tau-lepton decays into tau-neutrino of lower energy. This process is important
in particular for τ+τ− annihilation channel. We simulate time distribution for position
of the Sun on the sky for a detector placed at 52◦ North latitude which corresponds
to the position of Baikal-GVD project [85, 86]. Rather close results are expected for
the positions of KM3NeT [87, 88] and Super-Kamiokande [89]. As for IceCube-Gen2
detector [90] we expect that the effect of neutrino propagation through the Earth will
be negligible because the Sun there is always close to the horizon.
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In the Figures presented below we show in red lines final muon neutrino and
antineutrino energy spectra for τ+τ− annihilation channel and non-zero NSI parame-
ters. For comparison we show also muon neutrino energy spectra without NSI in blue
lines. In Fig. 18 and 19 we present muon neutrino and antineutrino energy spectra for
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Figure 18. Muon neutrino (upper panels) and antineutrino (lower panels) energy spectra
at the Earth for τ+τ− dark matter annihilation channel for mDM = 50, 200 and 1000 GeV
calculated with ττ = 0.03 (red curve) and without NSI (blue curve). Normal mass ordering
is assumed.
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Figure 19. The same as in Fig. 18 but for ττ = −0.03 and NH.
ττ = 0.03 and ττ = −0.03, respectively. Here we choose a representative set of masses
of dark matter particles 50, 200 and 1000 GeV and assume normal neutrino mass or-
dering for simulation of neutrino oscillations. The spectra are normalized to single act
of dark matter annihilation per second. As compared to the no-NSI case, the largest
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difference appears for smaller masses of dark matter particles. The similar energy spec-
tra but for inverted mass ordering are shown in Figs. 20 and 21. Here the difference
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Figure 20. The same as in Fig. 18 but for ττ = 0.03 and IH.
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Figure 21. The same as in Fig. 18 but for ττ = −0.03 and IH.
in the spectra is somewhat larger and considerable even for mDM = 1000 GeV. The
case of eτ = ±0.4 presented in Figs. 22 and 23 assuming normal mass ordering. The
same case but with inverted mass ordering is shown in Figs. 24 and 25. We also see
considerable deviations of muon neutrino flux from the no-NSI case. Next, the spectra
for eµ = ±0.2 are presented in Figs. 26 and 27 for normal mass hierarchy and in
Figs. 28 and 29 for inverted mass hierarchy. General conclusion drawn from these Fig-
ures is that the non-standard neutrino interactions for some values of their parameters
can significantly change neutrino and/or antineutrino energy spectra in particular for
small masses of dark matter particles. Finally, in Figs. 30–33 we show muon neutrino
– 24 –
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Figure 22. The same as in Fig. 18 but for eτ = 0.4 and NH.
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Figure 23. The same as in Fig. 18 but for eτ = −0.4 and NH.
spectra for non-zero µτ = ±0.01 and τ+τ− annihilation channel. As we have argued
in the previous Section in the absence of CC and NC neutrino interactions the final
neutrino fluxes should be almost the same as for no-NSI case. We see from Figs. 30–33
this is indeed the case for mDM = 50 and 200 GeV. However, the energy spectra for
mDM = 1 TeV appear somewhat suppressed as compared to no-NSI case. This is a
consequence of very fast νµ − ντ oscillations due to non-zero µτ near the center of
the Sun and subsequent attenuation of the resulting muon flux due to CC neutrino
interactions. We remind that tau neutrinos regenerate at lower energies. In the no-NSI
case νµ − ντ oscillation length in the solar center is considerably larger and coincides
with that of for vacuum 2–3 oscillations. Thus ντ escapes interaction region almost
with the same flavor (but possibly with different energy) and no attenuation of the
neutrino flux occur.
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Figure 24. The same as in Fig. 18 but for eτ = 0.4 and IH.
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Figure 25. The same as in Fig. 18 but for eτ = −0.4 and IH.
To quantify the impact of NSI one should calculate neutrino signal expected in
a particular neutrino experiment. Here we estimate how expected number of muon
track events changes with nontrivial NSI. Here we follow procedure of Refs. [91–93].
Namely, the probability for muon neutrino to produce a muon track is given by
P (Eν , E
th
µ ) = ρNNAσNRµ(Eν(1− y), Ethµ ), (4.1)
where Eν is neutrino energy, Ethµ is muon energy threshold, ρN is nucleon density, σN
is CC neutrino nucleon cross section and NA is Avogadro number. Muon is produced
with the energy Eµ = Eν(1− y), where y is the charged current inelasticity parameter
and the muon range Rµ(Eν(1− y), Ethµ ) is given by
Rµ(Eν(1− y), Ethµ ) =
1
β
log
α + βEµ
α + βEthµ
(4.2)
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Figure 26. The same as in Fig. 18 but for eµ = 0.2 and NH.
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Figure 27. The same as in Fig. 18 but for eµ = −0.2 and NH.
with α = 2.0 MeV cm2/g and β = 4.2·10−6 cm2/g. For an estimate we use Ethµ = 1 GeV
and adopt the mean values of inelasticity y which are about 0.45 for neutrino and 0.35
for antineutrino. The rate of muon track events is proportional to the following quantity
N ∼
∫
dNν
dEν
P (Eν , E
th
µ )A
effdEν , (4.3)
where dNν
dEν
is muon neutrino energy spectrum at the detector level, Aeff is effective
area for muon detection and sum over neutrino and antineutrino is implied. Using
obtained neutrino energy spectra and with the help of Eq. (4.3) we calculate the ratio
of the rates of muon track events expected with and without non-standard neutrino
interactions taking a single non-zero NSI parameter at a time. The results for this ratio
calculated with ττ = ±0.03, µµ = ±0.03, eτ = ±0.4, eµ = ±0.2 and µτ = ±0.01
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Figure 28. The same as in Fig. 18 but for eµ = 0.2 and IH.
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Figure 29. The same as in Fig. 18 but for eµ = −0.2 and IH.
for both normal and inverted mass ordering are presented in Fig. 34 with dots. Here
we show the results not only for τ+τ− dark matter annihilation channel but also for
W+W−, and bb¯ channels for several selected values of mDM . We see that the rate
for τ+τ− annihilation channel is most strongly affected by NSI effects. As we already
mentioned corresponding neutrino flux at production is dominated by τ flavor. The
largest deviations appear for non-zero flavor diagonal NSI, ττ and µµ and they can
reach values up to about 30%. In this case we observe strong dependence of the
result on the mass of dark matter particle. Note that the lines between the points in
Fig. 34 are shown for illustrative purpose only and they are not necessarily follow real
dependence on mDM in between. Nonzero ττ and µµ have opposite effects on the
event rate. Sizable (around 10%) effect of non-zero µτ appear for τ+τ− annihilation
channel and for large dark matter masses only. Impact of the matter NSI on neutrino
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Figure 30. The same as in Fig. 18 but for µτ = 0.01 and NH.
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Figure 31. The same as in Fig. 18 but for µτ = −0.01 and NH.
signal bb¯ annihilation channels is in general smaller and almost never exceeds 15% level.
In the case of W+W− channel the neutrinos at production are approximately equally
distributed between different flavors. As it was argued in Ref. [57] a flavor democratic
flux of neutrinos in the center of the Sun arrives at the Earth as flavor democratic
almost independently of complicated matter effects. Relatively small deviations from
no-NSI case for W+W− annihilation channel in Fig. 34 is a manifestation of this
statement.
Let us note that directions in which NSI parameters drive the spectra for neu-
trino and antineutrino are not necessarily opposite, as can be seen in the above figures.
Still the impact of the matter NSI on the observable (4.3) is in general smaller than
that of on the neutrino and antineutrino fluxes separately. For instance, the ratio of
neutrino flux for ττ = 0.03 and that of for no-NSI case is about 0.5 for τ+τ− channel
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Figure 32. The same as in Fig. 18 but for µτ = 0.01 and IH.
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Figure 33. The same as in Fig. 18 but for µτ = −0.01 and IH.
and inverted neutrino mass hierarchy. This can be important for experiments capable
of distinguishing between muon neutrino and antineutrino, like the Iron Calorime-
ter (ICAL) detector [94]. Even larger deviations are found for the ratios of electron
neutrinos. In Figs. 35–38 we show selected results for electron neutrino and antineu-
trino energy spectra for non-zero flavor changing matter NSI parameters. The cases of
eτ = 0.4 and eτ = −0.4 are presented in Figs. 35 and 36 with inverted neutrino mass
hierarchy. We see that the deviation of electron neutrino flux can be considerable and
amount to a factor of 2. In Figs. 37 and 38 we plot electron neutrino energy spectra
for eµ = 0.2 and eµ = −0.2, respectively, for normal mass hierarchy. In this case
ratio of the electron neutrino fluxes can reach values about 4–5, see upper left plot on
Fig. 38. Thus, NSI may considerably affect also all-flavor searches for neutrino signal
from dark matter annihilation in the Sun performed by IceCube [95].
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Figure 34. The ratios of muon track events with and without matter NSI parameters
for τ+τ− (left panels), bb¯ (central panels) and W+W− (right panels) annihilation channels.
We take the following values of matter NSI parameters (from up to bottom): ττ = ±0.03,
µµ = ±0.03, eτ = ±0.4, eµ = ±0.2 and µτ = ±0.01.
5 Conclusions
In this paper we perform an analysis of possible influence of the non-standard neutrino
interactions on neutrino signal from dark matter annihilations in the Sun. Namely,
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Figure 35. The same as in Fig. 18 but for electron neutrinos, eτ = 0.4 and IH.
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Figure 36. The same as in Fig. 18 but for electron neutrinos, eτ = −0.4 and IH.
we study the influence of nonzero αβ NSI parameters on oscillations of GeV scale
neutrinos in the Sun and in the Earth. As an example we take experimentally allowed
benchmark values for these parameters and performed numerical analysis of oscillations
of monochromatic neutrinos in the Sun and the Earth. In this simplified study we
neglect interactions of neutrinos in the matter of the Sun and the Earth and supply it
with a simplified analytical analysis. Next we perform full Monte-Carlo simulation of
neutrino signal from dark matter annihilations in the Sun with NSI taking into account
neutrino interactions for realistic dark matter annihilation channels. We estimate the
ratio of the muon track event rates with and without NSI effect and find that the
deviations can reach at maximum 30% level for τ+τ− annihilation channel and 15%
for for W+W− and bb¯ channels. Besides we find that electron neutrino flux from dark
matter annihilations in the Sun can be changed by a factor of few for non-zero flavor
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Figure 37. The same as in Fig. 18 but for electron neutrinos, eµ = 0.2 and NH.
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Figure 38. The same as in Fig. 18 but for electron neutrinos, eµ = −0.2 and NH.
changing NSI parameters eτ and eµ. In a sense the results presented in Fig. 34 can
be considered as a theoretical uncertainty to predictions of the neutrino signal from
dark matter annihilation in the Sun related to the lack of knowledge about neutrino
interactions with the matter. As a consequence, presence of NSI affect upper limits
on dark matter annihilation rate and on elastic cross section of dark matter particle
scattering with nucleons. Still our analysis reveals that present experimental bounds
are robust in the present of NSI in considerable part of their allowed parameter space.
For instance, this is true with non-zero µτ for all studied annihilation channels and
with non-zero eτ for W+W− channel.
Finally, let us note again that the analysis performed in the paper is simplified in
several aspects. Firstly, we consider a single non-zero matter NSI parameter in Eq. (2.5)
at a time and set all CP-violating phases to zero. At the same time interference between
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effects of several non-zero αβ may play an important role. Second, we assume that
the effective NSI parameters in (2.5) are the same for the Sun and the Earth. This
situation is realized if the parameters fPαβ in Eq. (2.1) are non-zero for the case of
electron and vanish for quarks. In more general case when neutrino can interact with
quarks in Eq. (2.1) the matter NSI parameters αβ become not only different for the
Sun and the Earth but also become position-dependent in the case of the Sun. This
may produce new evolution patterns which have not been captured by the present
analysis.
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